In the well-known superfamily of transforming growth factors beta (TGF-), bone morphogenetic proteins (BMPs) are one of the most compelling cytokines for their major role in regulation of cell growth and differentiation in both embryonic and adult tissues. This subfamily was first described for its ability of potentiating bone formation, but nowadays, the power of BMPs is well beyond the bone healing scope. Some of the BMPs have been well studied and described in the literature, but the BMP9 is still worthy of attention. It has been shown by many authors that it is the most potent osteogenic BMP. Moreover, it has been described as one of the rare circulating BMPs. In this paper, we will review the recent literature on BMP9 and the different avenues for future research in that field. Our primary scope is to review its relation to bone formation and to elaborate on the available literature on other systems.
INTRODUCTION
Fifty years ago, Urist et al. first reported that demineralized bone matrix could promote ectopic bone formation by stimulating transformation of primitive mesenchymal cells of soft tissues into osteogenic cells [1] . Among the growth factors with osteoinductive potential within the bone matrix, the most important seem to be the bone morphogenetic proteins (BMPs). BMPs belong to the transforming growth factor beta (TGF-) superfamily.
This group of proteins is characterized by a polybasic proteolytic processing site which is cleaved to produce a mature protein containing seven conserved cysteine residues [2] . More than 20 BMPs have been identified to date [3] , and most of them homodimerize via disulphide bridges to be active, although heterodimers have been described and are proposed to be more powerful [4, 5] .
Classically, BMPs are subdivided in four classes based on their sequence homology: BMP 2/4, BMP 5/6/7/8, BMP 9/10 and BMP 12/13/14 [6, 7] . The sequence similarity of the members of these subclasses is more than 50% and is also quite conserved across species [8, 9] . BMPs signal through serine/threonine kinase receptors composed of type I and II subtypes that activate the Smad pathway and some mitogen activated protein kinases (MAPKs) (Miyazono, 2005 #94; Bandyopadhyay, 2013 #320) . Genetic disruption of BMP pathways can result in skeletal and extraskeletal abnormalities by their major role in cell proliferation and differentiation during development [10, 11] .
BMPs can also be classified by their osteogenic potential. To date, BMP2/4/6/7/9 have been identified as having osteogenic properties, notably for their involvement in the regulation of osteoblast differentiation [12] [13] [14] [15] [16] and bone formation [14, 17] . From this BMP group, BMP9 has been shown to be the most osteogenic [14] . This might be due to the lack of inhibition of BMP9 by noggin, an extracellular antagonist of BMP-2 or BMP-7 [12, 18] . While some BMPs such as BMP 2/3/4/6/7/8 can be produced by preosteoblasts [19] , BMP9 is mainly produced in the liver [20, 21] . BMP9 is also circulating at active concentrations and is known to be a vascular quiescence factor [22] . BMP9 is the physiological ligand of the endothelial receptor ALK1 (activin receptor-like kinase 1, also known as Acvrl1) in association with BMPRII [23- 
MECHANISM OF ACTION
BMPs transduce signal through serine/threonine kinase heterotetramer receptors composed of two type I and two type II receptors. Once the BMP binds to the receptor complex, the type II receptors phosphorylate the type I receptors. Signal will then transduce via Smad (canonical) or non-Smad pathways. In the canonical Smad pathway, type I receptors phosphorylate the receptor regulatedSmads (R-Smad), i.e. Smad1/5/8 which then recruit the common mediator-Smad4 (coSmad). The R-Smad/coSmad complex translocates to the nucleus and regulates target gene transcription by binding to Smad elements in their promoters [6, 28] . The Smad-independent pathway [28, 29] .
In mice and humans, seven TGF-β family type I receptors (activin receptor-like kinase; ALK1 to ALK7) have been identified. Luo et al. have demonstrated by dominant negative mutations and RNAi studies that only ALK1 and ALK2 mutants inhibited BMP9-induced Smad activity in bone marrow mesenchymal stem cells as well as osteogenic differentiation and ectopic bone formation [30] . Brown et al. found that BMP9 has a strong relative affinity for ALK1 and for BMPRII, one of the five different TGF-β family type II receptors that have been identified (ActRIIA, ActRIIB, BMPRII, TGFBRII and AMHRII) [23] . BMP9 also has a good affinity for Activin RIIA, another type II receptor [23] .
More recently, Townson et al. analyzed the kinetic and thermodynamic properties of BMP9 with the different type II receptors and they noticed that ActRIIB had the strongest affinity for BMP9 followed by BMPRII. The affinity of BMP9 for ActRIIA was 300-fold weaker than for ActRIIB [31] .
To date, amongst all BMPs, only BMP2/4/6/7 and 9 have been identified to have osteogenic properties and BMP9 seems to be the one with the strongest osteogenic potential [14{Li, 2003 #7]}. Few studies tried to understand why BMP9 has this strong osteogenic potential. First, Bergeron et al. have shown that the Smad phosphorylation induced by BMP9 was not prevented by noggin, an extracellular antagonist of the BMP pathway [12] . These data were recently confirmed by two studies by Wang et al. and Luther et al. and reinforced the hypothesis that the high osteogenic capacity of BMP9 is probably augmented by its noggin resistance [18, 32] . Kang et al. also showed that BMP3 inhibited the osteogenic potential of BMP2 and BMP7 but had no effect on BMP9 [14] . To date, no BMP9 inhibitor has been identified. Moreover, BMP9 is a secreted protein that has a pro-region but this pro-region does not seem to functionally inhibit BMP9; quite opposite, the pro-region may stabilize and protect BMP9 in vivo [23] . Finally, BMP9 has synergistic partners that would enhance its effects. Growth hormones have been shown to be upregulated by BMP9 and act synergistically to promote endochondral ossification in mesenchymal progenitor cells (MPC) [33] . EGF also demonstrated an increase in BMP9-induced bone formation in cultured mouse foetal limb explants. In MPCs, BMP9 expression was up-regulated when EGF was present. Furthermore, EGF receptor expression was directly up-regulated by BMP9 [34] . These specific features could, in part, explain the strong osteogenic potential of BMP9 as compared to other osteogenic BMPs.
Production of endogenous BMP9 is mainly located in the liver [20, 21] . Indeed, BMP9 transcripts were lower in the human lung (400 fold less), brain (470 fold less) and bone marrow (3400 fold less) than in the liver [21] . Using Harlan Sprague Dawley rats, Miller et al. have first identified the non-parenchymal liver cells (Kupffer and endothelial cells) as BMP9 producers, no BMP9 being detectable in hepatocytes [20] . In contrast, Bidart et al. (2012) have recently found, using human liver biopsies, that BMP9 is present in hepatocytes and intrahepatic biliary epithelial cells [21] . In their experimental conditions, BMP9 was not detected in blood vessel walls and mesenchyme [21] . BMP9 mRNA was also detected by semi quantitative reverse transcription polymerase chain reaction (RT-PCR) in both fresh human endochondral (iliac bone) and intramembranous (mandible) bones [35] .
Primary cultures of osteoblastic cells extracted from human intramembranous and endochondral bones seem to be able to synthesize BMP9 [35] . BMP9 is also found in human circulation (2 -12 ng/mL) under two forms: an active (60%) and inactive form (40%) that can be further activated by a serine endoprotease to a mature and fully active form [21] . A mouse development study revealed that BMP9 circulating levels peak within 3 weeks after birth (with a peak at about 6 ng/mL) and decrease to 2 ng/mL in adulthood [21] .
BMP9 AND BONE FORMATION
The first report about BMP9 as an osteogenic factor is in the mid 90's by Celeste et al. [36] . In this study, the authors describe the molecular cloning and biological activity of this new member of the TGF- superfamily [36] . The osteogenic potential of BMP9 was then mostly tested through viral vectors to promote bone formation in many clinical settings.
Hence, Alden et al. [37] showed that they could fill a cranio-facial critical bone defect in rats with an adenoviral human BMP9 vector. Radiologic and histologic analyses of the mandibular bones demonstrated significant bony healing compared to adenoviral -galactosidase controls. Also, the mechanism through which bone was formed during the critical defect healing was proven to be endochondral ossification [37] .
In the spinal region, BMPs have been shown to promote spinal arthrodesis at a higher rate than autologous bone alone, and to BMP2 and 7, which are actually approved for this specific indication [38] . Another group has evaluated the efficacy of the use of a direct percutaneous injection of BMP9 expressing adenovirus to promote spinal fusion in rats [39] . The animals were directly injected with viral vectors in the lumbar paraspinal musculature and were sacrificed after 16 weeks. Computerized tomography studies and histological analysis demonstrated bone induction at the injection sites, leading to solid spinal arthrodesis. The authors did not have any evidence of pseudarthroses, nerve root compression, or systemic side effects. This study, while strongly supporting the advancement of BMP gene therapy techniques toward clinical use, has also shown that the use of BMP9 through gene therapy could be an interesting avenue to explore [39] .
In a similar experimental design, ex vivo BMP9 gene therapy on human mesenchymal stem cells (hMSCs) has been proven to be efficacious for spinal fusion in rats. Indeed, Dumont et al. infected ex vivo hMSCs by using adenovirus (Ad) containing BMP9's chimeric sequence composed of the murine BMP9 proregion and human mature region under the control of cytomegalovirus (CMV) promoter [40] . The infected hMSCs by AdBMP9 or Ad β-galactosidase used as control were then injected in paraspinal muscles of nude athymic rats. After only 8 weeks, rats treated with BMP9 expressing cells, showed radiographically and histologically massive ectopic bone formation leading to spinal fusion [40] . The results of this study suggested that gene therapy on hMSCs ex vivo using CMV driven BMP9 expression was possible and may be useful to induce spinal fusion. While showing the effect of BMP9 on hMSCs, this study also brought a more attractive way of using BMP gene therapy. The year after, the same team showed that a similar injection of AdBMP9 ex vivo treated hMSCs was able to produce ectopic bone formation in the hindlimbs musculature of athymic nude rats [41] .
Heterotopic bone formation by itself can turn out to be useful if the muscle is used as a vascularised bone graft. Hence, the latissimus dorsi muscle from nude rat was infected with an adenoviral vector of BMP9 to make a vascularised bone flap using heterotopic ossification as an advantage [42] . With weekly biopsies and using RT-PCR and immunohistochemistry, they found that the muscle expressed chondrogenic and then osteogenic markers through the 3 weeks following the injection. They estimated that the flap harvest should be after 2 weeks to be used as a vascularised moldable bone graft [42] .
Gene therapy has been shown to be efficient, but the transfer in humans is problematic because of its viral nature and the existing lack of control over that kind of technology. To work around that scientific and ethical issue, nucleofecting hMSCs with nonviral plasmid expressing hBMP9 was developed [43] . Nonviral gene transfer is safer, can be controlled and is reproducible. hBMP9-nucleofected hMSCs in culture demonstrated an increase in calcium deposition compared to control EGFP (enhanced green fluorescent protein) nucleofected hMSCs. Moreover, hBMP9-nucleofected hMSCs transplanted in ectopic sites in mice induced bone formation 28 days post-injection [43] . This safe and attractive alternative was a breakthrough in the field of regenerative medicine at the time, however this technique is demanding.
In the late 70's, Boyer's team synthetized the first functional polypeptide product from a gene of chemically synthesized origin [44] . This turning point in biotechnology opened the door to the use of recombinant proteins for clinical purpose. The use of recombinant proteins is safer than viral gene transfer and yet more accessible than nucleofection. Furthermore, the availability of recombinant BMP9 has liberalized its use and led to more accessible research on its osteogenic potential. Even if recombinant human BMP9 (rhBMP9) was used by Song and Celeste in the mid 90's, reports on its use for bone formation assays appear 10 years later in the mid 2000's [12, 36, 45, 46] . The interest of using rhBMP9 is also related to the controlled dosage and an easier correlation to its effect. Thus rhBMP9 produced by E. coli at 500 ng/mL was shown to induce after 5 days the expression of early markers of bone differentiation such as smad-1/5, run × 2, dl × 5, osterix, osteopontin, bone sialoprotein and alkaline phosphatase in C2C12 cells [47] . In the same manner, Bergeron et al. have shown that a peptide derived from BMP9, pBMP9 is able to induce osteoblastic differentiation in pre-osteoblasts [12, 48] .
The osteoinductive potential of rhBMP9 was especially determined in the context of muscular heterotopic ossification (HO). Indeed, HO is a common model to study the mechanism of ossification process in animals [49, 50] . On the other hand, this model can be useful in order to obtain a better understanding of the ossification processes occuring in muscle and to treat that condition [50] . Some papers have shown that adult muscle regeneration could be impaired by BMPs [51, 52] . Myogenesis was reported to be inhibited by BMPs by their down-regulation on satellite cells fusion [53] . Besides, mesenchymal progenitor cells contained into the muscle are also responsive to BMPs [54, 55] . Overall, it was shown that both myogenic and mesenchymal cell populations could be altered by BMP and that tends to go from myogenesis to osteogenesis [16] .
Since the most common traumatic form of HO occurs generally at sites of damaged muscles, we hypothesized a relation between damaged muscle microenvironment and BMP9 induced HO [56] . In this paper, we show for the first times that BMP9 induces HO only in damaged muscle. This paper highlighted the importance of cell microenvironment for HO. We also showed that muscle resident stromal cells (mrSCs) are sensitive to BMP9 signaling and express bone specific markers when exposed to BMP9. Interestingly, mrSCs isolated from damaged muscle are more responsive to BMP9. During a transplantation experiment using labeled cells, we demonstrated that mrSCs contribute to HO. Importantly, the addition of a fusion protein containing the receptor ALK1 significantly inhibited the osteoinductive potential of BMP9 in mrSCs in vitro as well as HO in damaged muscles [56] .
Our experimental results show that a better understanding of the ossification processes and BMP implication is essential for developing new bone healing and HO treatments. They also revealed that the osteoinductive potential of rhBMP9 is highly dependent on the microenvironment [56] . Therefore, delivery systems have to be developed to protect the protein against breakdown. The type of carrier, its concentration as well as the BMP dose used in these delivery systems greatly influence the growth factor release over time and its osteoinductive potential [57] . In vitro and in vivo studies using different delivery systems have been therefore studied throughout the years for rhBMP9 and/or its less expensive derived peptide (pBMP9) [48, 58, 59] . Delivery systems slow-down degradation and enhance the effect of growth factors like BMP9. Bessa et al. has recently developed BMP loaded silk fibroin microparticles as delivery systems of BMP2, 9, or 14 [59] . The encapsulation efficiency of the BMPs loaded at 0.5 or 5 µg varied from 68% to 98% and BMP14 was better retained over time than BMP4 and BMP9 in this silk fibroin carrier [59] .
The combination of collagen Type I gel, BMP (100 ng/mL) and bioactive glass microspheres (45S5 Bioglass ® , GM) has been shown to increase osteoblastic differentiation by Bergeron et al. [48] . For this assay, a peptide derived from BMP9 (pBMP9) to treat MC3T3-E1 preosteoblasts was used. Alkaline phosphatase staining showed that pBMP9 induced osteoblast differentiation and that bioactive GM increased this effect. Since preosteoblasts secrete matrix metalloproteinases (MMPs), the influence of the delivery system on MMPs expression was then studied. pBMP9 with bioactive GM generated less MMP than did rhBMP-2 [48] . Thus, this delivery system using a combination of bioactive GM and BMP9 derived peptide seems to be promising.
In vivo experiments also highlighted the importance of the carrier choice. For example, rhBMP9 (169.2 ng/ml) embedded in chitosan can induce endochondral ossification 24 days after injection in quadriceps of mice, while BMP9 entrapped into collagen seems less efficient [58] . pBMP9, a peptide derived from the knuckle epitope of BMP9, is also able to induce bone formation in quadricceps when injected embedded in chitosan [58] . This underlines the importance to optimize carrier and the influence of microenvironment, to improve BMP9 in vivo bone induction. Together, these delivery systems can offer promising approaches for the sustained delivery of BMPs, such as BMP9 for tissue engineering applications and for improving bone formation.
Another alternative to improve bone formation is to develop biomimetic materials that favor cell adhesion and promote their response to rhBMP9 or pBMP9. For example, the functionalization of material by adhesive peptides that target specific integrins can strongly influence the bone cell response to BMP9 and pBMP9 [60, 61] . The peptide derived from the bone sialoprotein Ac-CGGNGERPRGDTYRAY-NH2 that is recognized by the avb3 integrins promote the early differentiation of MC3T3-E1 preosteoblasts induced by pBMP9. In contrast, pBMP9 had no effect on cells attached through the a2b1 integrins to the peptides Ac-CGGDGEA-NH2 derived from type I collagen [61] . The selection of adhesive peptides to develop biomimetic materials promoting bone cell response to BMPs is therefore critical.
BMP9 AND CHONDROGENESIS
Chondrogenesis is a multistep process that leads to the formation of cartilage [62] . Understanding chondrogenesis is essential when addressing bone formation since cartilage is part of bone development and repair [62] . The first step of chondrogenesis is the aggregation and condensation of mensenchymal progenitor cells (MPCs) to form chondroprogenitors [63, 64] . Then, chondroprogenitors differentiate into chondrocytes that proliferate and produce matrix containing collagen II, IX, XI and aggrecan [63, 65] . The newly formed cartilage serves as a template for the formation of long bone, a process called endochondral ossification [63, 66] . Indeed, chondrocytes undergo a terminal differentiation to hypertrophic phenotype, followed by calcification of the cartilage matrix, which leads to its vascularisation and its ossification [63] . Both intramembranous and endochondral bone formation are associated to BMPs, but BMP9 was proposed to be more related to endochondral bone formation [37] . Its proposed implication in endochondral ossification, is highlighting its major role in skeleton development, maintenance and repair [35] .
BMP signaling is essential during chondrogenesis; it is required for the condensation of MPCs and their differentiation into chondrocytes [64] [65] [66] . Kramer et al. have shown that BMP2 (2 ng/ml; 10 ng/ml) and BMP-4 (10 ng/ml) are able to induce chondrogenic differentiation of embryonic stem cells via embryonic bodies [67] . More interestingly, an increased mRNA expression of BMP1/2/ 5/6 have been reported in human chondrocytes throughout chondrogenic differentiation [68, 69] and that adult articular chondrocytes was able to express BMP7 [70] . BMP9 has been shown to induce ectopic bone formation into skeletal muscle [56, 71] . This occurs via an endochondral bone process as shown by Varady et al. [71] . They noticed that six days after an intramuscular injection of AdBMP9 vector, MPCs had begun a differentiation into primitive chondroblasts that secreted loose extracellular matrix [71] . Thirteen days post-injection, they also observed hypertrophied chondrocytes. Three weeks post-injection, woven bone appeared and turned into lamellar bone within three months [71] . Majumdar et al. showed that Sox9, a nuclear transcription factor required to undergo chondrogenesis, was upregulated in BMP9 treated MPCs [72] . Furthermore, BMP9 treatment (100 ng/ml) also induced overexpression of Col2a1 and aggrecan after 2 weeks, two important components of the cartilage matrix [72] . Finally, Blunk et al. have shown that BMP9 was able to stimulate the proliferation of primary bovine chondrocytes and extracellular matrix deposition at a concentration of more than 1 ng/ml and to induce chondrocytes hypertrophy and mineralization when the concentration was above 10 ng/ml [73] . All these results strongly suggest that BMP9 is a modulator 
BMP9 AND BONE RESORPTION
BMP9, as described above, is involved in chondrogenesis and can strongly promote bone formation. In addition, Fong et al. recently demonstrated in vitro that rhBMP9 can also augment bone resorption [74] . This increase was shown to be functional and not related to osteoclast formation. Furthermore, rhBMP9 could alter the intrinsic apoptosis pathway and increase survival of osteoclasts. The effect of rhBMP9 on osteoclast was explained by the presence of ALK1 and BMPRII co-receptors and their activation of the Smad 1/5/8 and non-smad MAPK/ERK pathways. These results show for the first time that BMP9 can directly affect human osteoclasts, acting on their function and their survival [74] .
BMP9 AND CANCER DEVELOPMENT
There are still discrepancies in studies concerning BMP9 and cancer development. Although some studies suggest that BMP9 promoted differentiation and decreased proliferation, whereas some others have shown the opposite. Indeed, different studies have found that BMP9 restricts tumor growth including prostate cancer, osteosarcoma and colon adenocarcinoma [75] [76] [77] . The relation between cancer and BMP9 seems to be mostly through two separate mechanisms: cancer cell migration and invasion as well as angiogenesis process [75] [76] [77] [78] [79] .
Recent studies analyzed the effect of BMP9 (rhBMP9 or AdBMP9) in different human osteosarcoma cell lines such as MG-63 cells [80, 81] . For example, BMP9 expression was obtained through infection of human osteosarcoma MG-63 and 143B cells by a BMP9 expressing adenovirus [82] . Migration and invasion in vitro potential were significantly lower (about 50% -55%) in the infected cells [82] . In a sub-cutaneous nude mice model, the BMP9 overexpressing tumors were found to be significantly smaller [77] . Then, BMP9 was found to induce apoptosis in osteosarcoma cells [77] . Moreover matrix metalloproteinases (MMP), specifically MMP-9, were shown to be decreased significantly by the overexpression of BMP9 in osteosarcoma cells [82] . The loss of migration and invasion potential was suggested to be through a Smad-dependent pathway by downregulating the expression and activity of MMP9 [77, 82] .
Furthermore, BMPs have been implicated in the production of bone metastases in prostate cancer [83] . However, based on the observation that the expression of BMP9 was decreased or absent in higher grade prostate cancer, Ye et al. investigated the influence of BMP9 on the biology of prostate cancer cells [76] . They showed that the overexpression of BMP9 reduced cell growth, matrix adhesion, invasion, and migration of prostate cancer PC-3 cells. They also showed that BMP9 induced apoptosis in those particular cells through the overexpression of the prostate apoptosis response-4. The effect of BMP9 on PC-3 cells relied on Smad-dependent signal transduction. Thus, knockdown of BMPR-IB or BMPR-II could promote PC-3 growth in vitro, but it had no significant effect on their invasion potential. This suggests that BMP9 may function as a tumor suppressor and apoptosis regulator in prostate cancer through diverse mechanisms [76] .
Regarding angiogenesis, BMP9 has been shown to be linked to vascular maturation [22] . However, contradictory studies about the role of TGF- and other family members with reported vascular functions, such as BMP9, in physiological and pathological angiogenesis make the need for more comprehensive studies.
BMP9 AND ANGIOGENESIS
The effect of BMP9 on angiogenesis remains controversial as both pro [79] and anti-angiogenic [22] effects have been demonstrated. This discrepancy can be explained by different dosages, but also microenvironment and the subtle interplay between vascular sprouting and maturation [84] . The interest of studying BMP9 in angiogenesis resides in two principal pathologic angiogenesis conditions: cancer angiogenesis and vascular diseases per se (Hereditary Hemorrhagic Telangiectasia (HHT), pre-eclampsia, pulmonary arterial hypertension (PAH)).
BMP9 has been reported to bind to ALK1 in endothelial cells [24] . It was also shown using rat aortic cross sections that circulating BMP9 induces a constitutive Smad1/5/8 phosphorylation in endothelial cells [21] . However, the roles of BMP9-ALK1 signaling in the regulation of endothelial cells have not yet been fully elucidated. Suzuki et al. examined the effects of BMP9 on the proliferation of endothelial cells. Vascular tube formation from ex vivo mouse embryonic allantois explants and proliferation of in vitro cultured mouse stem cell-derived endothelial cells (MESECs) was both promoted by BMP9 [79] . This effect was shown to be related to ALK1 signaling, supported by the mimicked proangiogenic effect of the expression of constitutively active ALK1 in MESECs. Furthermore, in vivo angiogenesis was promoted by BMP9 in a Matrigel plug assay and in a mouse xenograft model after subcutaneous injection of BxPC3 human pancreatic adenocarcinoma cells infected with lentiviruses encoding BMP9. Taken together, these results showed that BMP9 enhanced the proliferation of normal endothelial cells and tumor-associated endothelial cells [79] .
Through genetic and pharmacological means, Cunha demonstrated that ALK1 represents a new therapeutic target for tumor angiogenesis [78] . Using a soluble fu-sion protein of ALK1 with an immunoglobulin (ALK1-Fc), they have been able to inhibit the BMP9-ALK1 signaling. Systemic treatment with the ALK1-Fc fusion protein RAP-041 (12 mg/kg), which acts as a competitive inhibitor of BMP9, delayed pancreatic tumor growth and progression, as diminution of ALK1 gene dosage also did. This delayed growth was thought to be related to the inhibition of angiogenesis. Furthermore, the use of RAP-041 significantly impaired angiogenic response toward vascular endothelial growth factor A (VEGFA). In that study, they found that the observed effect was related to an unexpected synergy between TGF-β and BMP9. In fact, the combined action of the two factors augmented the response to angiogenic stimuli of the endothelial cells [78] . This finding reinforces the idea that BMP9 can have a dual effect on angiogenesis and that its pro-angiogenic effect may be dependent on TGF- synergy. The same year, another team showed a diminution of vessel formation in a chick chorioallantoic assay and a reduced tumor burden in both melanoma explants and mammary adenocarcinomas with ALK1-Fc treatment [85] .
Later, Cunha et al. presented another paper on the critical role for ALK1, reviewing its effect on the endothelial phenotype in vitro and in vivo [25] . These findings have led to the development of new ALK1 pathway inhibitors that target different malignant diseases. In the same vein, another group used soluble endoglin ECD as an inhibitor in the regulation of angiogenesis and highlighted the efficacy of this fusion protein as a potential anti-angiogenic drug [75] . They showed that this inhibitor reduced the VEGF-induced angiogenesis and the tumor burden in a mouse colon cancer model. Angiogenesis requires a finely tuned balance between numerous signals and although BMP9 has been shown to have pro-angiogenic potential (above), other studies have shown the opposite. Indeed, a team has been working a lot on the relationship between endothelial cells and ALK1 [21, 24, 86] . Using NIH3T3 fibroblasts, found that BMP9 signal transduction involved ALK1 and both BMPRII and ActRIIA. Moreover, by overexpressing endoglin in NIH3T3 fibroblasts, they promoted the BMP9 stimulation of ALK1. BMP9 could inhibit endothelial cell migration and growth, and activate the expression of genes encoding proteins related to vascular maturation such as Id1, Id2, Smad6, Smad7, endoglin and BMPRII [24] .
A year after, they reviewed the presence of BMP9 in human serum to verify whether in fact it could be implied in vascular quiescence. First, they found that human serum alone could induce Smad1/5 phosphorylation in NIH3T3 transfected by ALK1 expression plasmid. Second, they identified the active factor by using antibodies against all BMP members and found that only the anti-BMP9 inhibited this Smad1/5 phosphorylation [22] . These results were refined by data from Herrera and Inman (2009) where they identified circulating BMP4 and 9 as active BMPs in human sera with a luciferase reporter fused with the promoter BMP response element Id1, transfected in a C2C12 line [87] . Present at a concentration between 2 and 12 ng/mL in human plasma, BMP9 is circulating at a biologically active concentration (EC 50 = 50 pg/mL). BMP9 was then tested in vivo in angiogenic assays. Both in vivo mouse cellulose sponge angiogenesis and chicken chorioallantoic membrane assays showed that BMP9 could negatively affect angiogenesis may play a role in vascular quiescence [22] . Interestingly, the role of BMPs in angiogenesis opened the door to a better understanding of genetic vascular diseases caused by mutations in genes encoding for recaptors of this pathway (endoglin, ALK1 and BMPRII). This leads to an important review in which the authors proposed a model to distinguish BMP2, BMP7 and GDF5 from BMP9 in their functional implication in vessel formation and maturation [84] .
Hereditary Hemorrhagic Telangiectasia (HHT), also known as Rendu-Osler-Weber, is a disease that causes frequent nose bleeds, mucocutaneous and visceral telangiectasia [88] . This pathology follows an autosomaldominant inheritance pattern which has been shown to be linked in 80% to a mutation in ALK1 or the co-receptor endoglin [89] . Endoglin is a transmembrane glycoprotein on human vascular endothelial cells and is a co-receptor implicated in this dominant vascular dysplasia as well as in preeclampsia [90] . The alteration of ALK1 or endoglin affects the maturation phase of angiogenesis, leading to the absence of capillaries connecting the arterial and venous networks [89] . As BMP9 acts as the specific ligand of the receptor ALK1 and to endoglin as its co-receptor, a defect in either members of the receptor complex means a disrupted BMP9 signaling pathway. Heterozygous mice for endoglin or ALK1 supports the involvement of endothelial hyperproliferation in the pathogenesis of the disease while the maturation is disrupted [91] . More recently, Choi et al. demonstrated that ALK1 deficient endothelial cells have high migratory and invasion properties both in vitro and in vivo. This new data confirms the importance of BMP9-ALK1 for angiogenesis and into the differentiation and maturation of neocapillaries [92] . This BMP9-ALK1 signaling in angiogenesis was shown to be transmitted downstream through Tmem 100, a gene encoding a previously uncharacterized intracellular transmembrane protein [93] .
On the other hand, pulmonary arterial hypertension (PAH) is characterized by dysregulation in pulmonary artery endothelial cell proliferation, apoptosis and permeability. The most common cause of inheritable PAH is a mutation in the BMPR-II, leading to a loss of its funcCopyright © 2013 SciRes. ABB
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tion [94] . In the same way as the defective signaling of ALK1-endoglin in HHT, a deficient BMPRII signaling leads to an absent function of BMP9 and to an anarchic development of blood vessels [94] .
Recently, it has been shown that chloroquine, an antimalarial drug, is able to indirectly increase cell surface expression of BMPRII in pulmonary artery endothelial cells [95] . This increase seemed to be independent from transcription since chloroquine enhanced BMPRII expression even after siRNA knockdown of the BMPRII transcript. Using BMPRII deficient cells from PAH sick patients, BMP9 signaling was also shown to be decreased and treatment with chloroquine significantly increased expression of BMP9-BMPRII signaling gene targets. These findings provide new insights for the restoration of cell surface receptors in treating hereditary vascular diseases, specifically BMPR-II with chloroquine for treatment of PAH [95] .
Through genetic and pharmacological means, Cunha demonstrated that ALK1 represents a new therapeutic target for tumor angiogenesis [78] . Using a soluble fusion protein of ALK1 with an immunoglobulin (ALK1-Fc), they have been able to inhibit the BMP9-ALK1 signaling. Systemic treatment with the ALK1-Fc fusion protein RAP-041 (12 mg/kg), which acts as a competitive inhibitor of BMP9, delayed pancreatic tumor growth and progression, as diminution of ALK1 gene dosage also did. This delayed growth was thought to be related to the inhibition of angiogenesis. Furthermore, the use of RAP-041 significantly impaired angiogenic response toward vascular endothelial growth factor A (VEGFA). In that study, they found that the observed effect was related to an unexpected synergy between TGF-β and BMP9. In fact, the combined action of the two factors augmented the response to angiogenic stimuli of the endothelial cells [78] . This finding reinforces the idea that BMP9 can have a dual effect on angiogenesis and that its pro-angiogenic effect may be dependent on TGF-b synergy. The same year, another team showed a diminution of vessel formation in a chick chorioallantoic assay and a reduced tumor burden in both melanoma explants and mammary adenocarcinomas with ALK1-Fc treatment [85] .
Later, Cunha et al. presented another paper on the critical role for ALK1, reviewing its effect on the endothelial phenotype in vitro and in vivo [25] . These findings have led to the development of new ALK1 pathway inhibitors that target different malignant diseases. In the same vein, another group used soluble endoglin ECD as an inhibitor in the regulation of angiogenesis and highlighted the efficacy of this fusion protein as a potential anti-angiogenic drug [75] . They showed that this inhibitor reduced the VEGF-induced angiogenesis and the tumor burden in a mouse colon cancer model.
Angiogenesis requires a finely tuned balance between numerous signals and although BMP9 has been shown to have pro-angiogenic potential (above), other studies have shown the opposite. Indeed, a team has been working a lot on the relationship between endothelial cells and ALK1 [21, 24, 86] . Using NIH3T3 fibroblasts, found that BMP9 signal transduction involved ALK1 and both BMPRII and ActRIIA. Moreover, by overexpressing endoglin in NIH3T3 fibroblasts, they promoted the BMP9 stimulation of ALK1. BMP9 could inhibit endothelial cell migration and growth, and activate the expression of genes encoding proteins related to vascular maturation such as Id1, Id2, Smad6, Smad7, endoglin and BMPRII [24] .
A year after, they reviewed the presence of BMP9 in human serum to verify whether in fact it could be implied in vascular quiescence. First, they found that human serum alone could induce Smad1/5 phosphorylation in NIH3T3 transfected by ALK1 expression plasmid. Second, they identified the active factor by using antibodies against all BMP members and found that only the anti-BMP9 inhibited this Smad1/5 phosphorylation [22] . These results were refined by data from Herrera and Inman (2009) where they identified circulating BMP4 and 9 as active BMPs in human sera with a luciferase reporter fused with the promoter BMP response element Id1, transfected in a C2C12 line [87] . Present at a concentration between 2 and 12 ng/mL in human plasma, BMP9 is circulating at a biologically active concentration (EC50 = 50 pg/mL). BMP9 was then tested in vivo in angiogenic assays. Both in vivo mouse cellulose sponge angiogenesis and chicken chorioallantoic membrane assays showed that BMP9 could negatively affect angiogenesis may play a role in vascular quiescence [22] . Interestingly, the role of BMPs in angiogenesis opened the door to a better understanding of genetic vascular diseases caused by mutations in genes encoding for receptors of this pathway (endoglin, ALK1 and BMPRII). This lead to an important review in which the authors proposed a model to distinguish BMP2, BMP7 and GDF5 from BMP9 in their functional implication in vessel formation and maturation [84] .
On the other hand, pulmonary arterial hypertension (PAH) is characterized by dysregulation in pulmonary artery endothelial cell proliferation, apoptosis and permeability. The most common cause of inheritable PAH is a mutation in the BMPR-II, leading to a loss of its function [94] . In the same way as the defective signaling of ALK1-endoglin in HHT, a deficient BMPRII signaling leads to an absent function of BMP9 and to an anarchic development of blood vessels [94] .
Indeed, there still remains controversy on pro and antiangiogenic effects of BMP9. Recent literature highlights the importance of understanding its role in vessel maturation as opposed to formation and also the role of the microenvironment and synergy with TGF-b. On the other hand, it is clear that the signaling pathway is through receptor and co-receptor ALK1-endoglin, and that this can be inhibited by the use of ALK1 or endoglin fusion proteins. Certainly, it will be interesting to test whether some drugs derived from inhibitors like ALK1-Fc could be used experimentally to treat cancer and on the other hand develop ALK1 pathway enhancers that could help to treat hereditary vascular diseases.
BMP9 AND NEUROGENESIS
BMPs are critical in neurogenesis, forebrain formation and more globally in the dorsoventral axis determination [96, 97] . BMPs promote cell survival and differentiation of neurons in both peripheral and central nervous systems (CNS) [98] Lopez-Coviella et al. have been working specifically on the cholinergic neurons of the forebrain [99] . Basal forebrain cholinergic neurons (BFCN) participate in processes of learning, memory, attention and their degeneration is involved in several human disorders such as Alzheimer's disease [100] . They have shown that 14 days old mice embryos express BMP9 mRNA principally in the forebrain and spine [99] . This developmental stage is also the one where the cholinergic neurons are most sensitive to BMP9. Thus, cultured primary cells derived from the septal area increase their acetylcholine (Ach) expression by 20 fold when exposed to BMP9 during that period. Compared to 5 other BMPs (BMP2-4-6-7-12), BMP9 is the most potent in inducing Ach expression by septal cells. Moreover, when injected into mouse embryo cerebral ventricles, BMP9 is able to increase cerebral Ach level [99] . The genes responsive to 31-46 40 this BMP9 induction of basal forebrain neurons include cell-cycle related proteins, transcription factors, signal transduction molecules, extracellular matrix proteins, adhesion molecules, enzymes, transporters, and chaperonins. The set of genes induced with BMP9 treatment suggests that BMP9 creates a trophic environment for basal forebrain neurons and contributes to the maturation of this part of the brain in vivo [101] .
During the development of cholinergic neurons of the basal forebrain, BMP9 activates the canonical BMP signaling pathway, through phosphorylation of Smad1 and Smad5 which associate to co-Smad4 and translocate into the nucleus [98] . Finally, this team demonstrated that BMP9 administration can prevent lesion-evoked impairment of the cholinergic hippocampal neurons in adult mice by inducing a favorable environment for these cells [102] .
Interestingly, Bissonnette et al. have been able to generate BFCN from human embryonic stem cells (hESCs) using relevant ligands of the developing forebrain [103] . hESCs respond to BMP9 signaling after sonic hedgehog/fibroblast growth factor 8 pretreatment and differentiate the progenitors toward a BFCN phenotype. These derived neurons express only markers characteristic of BFCN and have their functional characteristics (action potentials, functional cholinergic synapses). The ability to derive BFCN from hESCs is a significant step for the development of therapeutic interventions in diseases affecting the forebrain (e.g. Alzheimer's disease) [103] .
BMP9 expression in the CNS seems to be related to the development and maintenance of the cholinergic phenotype. The cited studies give new insights on a clearer comprehension of the role of BMP9 during early embryology and the later ability of damage repair. The proven expression of BMP9 in CNS is also interesting for different reasons: the relation of brain/spinal cord injury and increased ossification potential. As shown in many papers, CNS injury (brain and spinal cord) is associated with an increase in ossification potential (bone healing and HO) [104] [105] [106] [107] [108] [109] . However, no specific growth factor has been identified to date [105] . BMP9 would be an interesting candidate to evaluate.
BMP9 AND HEPATOCYTES
Since BMP9 was first described to be expressed in non parenchymal cells of the liver [20, 45] , studies have been conducted to determine the effect of BMP9 on liver cells and hepatocellular regeneration [110] . Miller et al. have determined the binding affinity of BMP9 and its number of receptors on rat hepatic endothelial cells (Kd of ~85 pM, 3600 receptors/cell) and Kupffer cells (Kd of ~25 pM, 1100 receptors/cell), cells identified as main BMP9 producers. They also found that the binding of BMP9 on these cells was reversible and BMP9/receptor complexes can be internalized [20] .
However, while Miller et al. did not detect BMP9 in rat hepatocytes [20] , Bidart et al. recently found that BMP9 expression (mRNA and protein) was mainly located in human hepatocytes and biliary hepatic epithelial cells [21] . The effect of BMP9 on hepatocytes was first evaluated by Song et al. [45] . They found that rhBMP9 bind to human HepG2 liver tumor cells with high affinity. They also found that HepG2 cells express two BMP9 receptors similar in size to the Type I and Type II recaptors reported by others for TGF- members, but specific for BMP9 [45] . Increasing doses (0.1 -10 ng/mL) of BMP9 stimulated human HepG2 and primary rat heaptocytes cell proliferation. In contrast, TGF- (0.1 -100 ng/mL) had no effect on HepG2 cell proliferation but inhibited proliferation in primary hepatocytes [45] . This study was the first to report the effect of BMP9 on heaptocyte proliferation. The direct effect of BMP9 on hepatic progenitor cells was also studied through infections of progenitors with a recombinant adenovirus containing human BMP9 gene (AdBMP9) by Gao et al. (2011) . The maturation and differentiation of progenitor cells were examined. AdBMP9 enhanced glycogen storage as well as albumin production in hepatic progenitor cells, a mature hepatic cell behavior [111] .
BMP9 is expressed in the liver and seems to have an effect on hepatocytes, but more studies are needed to clarify its differential effect over proliferation [45] and differentiation [111] as well as its neoplastic influence on liver cells [110] .
BMP9 AND GLUCOSE METABOLISM
Insulin resistance is a systemic multifactorial impairment of glucose uptake. Muscle, the most important glucose consuming organ, need Akt2 to be able to activate insulin-induced glucose uptake and this pathway seems to be severely impaired in insulin resistance [112, 113] . Interestingly, a combination of bioinformatic and highthroughput functional analyses have shown BMP9 to be the first hepatic factor to regulate blood glucose concentration [46] . Moreover, this effect was thought to be mediated by activation of Akt kinase in differentiated myotubes [46] . Then, it has been demonstrated that recombinant BMP9 (1 and 5 mg/kg) improves glucose homeostasis in vivo in diabetic and non-diabetic rodents [46] . The mechanism relied on the upregulation of Smad5 and Akt2 in differentiated rats myotubes [114] . On the opposite side, Smad5 was downregulated in myotubes by dexamethasone, a well known hyperglycemia inducer and Smad5 knockdown in rats decreased Akt2 expression and phosphorylation leading to a decrease in insulin-induced glucose uptake by myotubes. It was then hypothesized that Smad5 regulated glucose uptake in skeletal muscle through Akt2 expression and phosphorylation. These findings also revealed Smad5 as a potential target for the treatment of type 2 diabetes. Hence, BMP9 could be seen as a potential activator of Smad5 for that purpose [114] . This promising effect of BMP9 could lead to a better control on hepatic glucose, furthermore on diabetes. Indeed, BMP9 expression is severely reduced in the liver of insulin-resistant rats [115] . In this study, the authors have been reporting several assays showing that BMP9 directly controls glucose homeostasis [115] . Direct in situ exposition of normal fasting rats-liver to glucose and insulin leads to BMP9 expression. Moreover, neutralization of BMP9 with an anti-BMP9 antibody induces glucose intolerance and insulin resistance. Analyzed together, these results reinforce the eligibility of BMP9 as a hepatic insulin-sensitizing substance (HISS) in glucose homeostasis physiology [115] .
CONCLUSION
BMP9 is a powerful osteogenic growth factor and was shown to be able to activate bone differentiation in many animal studies. The osteogenic potential of BMP9 was first studied through gene therapy, but nowadays it is used through its recombinant human form, rhBMP9. The study of BMP9 bone formation has led to a better understanding on endochondral bone healing, but also of the new insights in delivery systems that can enhance its effect as well as improved comprehension of the traumatic HO and its relation to BMP9. As bone formation is always associated with resorption and remodeling, it has also been shown that BMP9 can directly affect human osteoclasts, acting on their function and their survival. In cancer development, BMP9 has two major effects. First of all, its anti-proliferative/pro-differentiation potential seems to be protective for many neoplastic conditions. On the other hand, its inhibition through ALK1 and endoglin fusion proteins seemed to decrease tumor angiogenesis. Therefore, more studies are warranted in order to clarify its influence on tumorigenesis. On the angiogenic side, we have discussed the sometimes confusing contradictions about the pro and anti-angiogenic effects of BMP9. We have presented the importance of understanding BMP9's role in blood vessel maturation as opposed to formation. The importance of BMP9 in the central nervous system resides in its ability to promote cholinergic neurons proliferation and survival. Looking for new innovative treatment paths in Alzheimer's disease, BMP9 could be an interesting candidate. The relation between liver homeostasis and BMP9 is still not clear, but it is now to our knowledge that it is expressed and produced in that organ. Some studies have tried to show its hepatocellular regeneration potential, but still, more studies are needed. Finally, we have discussed its compelling effect in glucose metabolism, principally promoting sensitivity to insuline in skeletal muscle. Thus, BMP9 is a major member of the TGF- superfamily that is implied in many fundamental developmental and pathologic processes. Future research will certainly bring answers to the many questions left open, and those answers will unquestionably lead to clinical applications.
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